For better understanding of gas and particle motion in a fluidized bed, we numerically solved the locally averaged three-dimensional Navier-Stokes equations and the Lagrangian equations /or particle motion while taking into account the collisions between particles, and gas-particle mutual interaction. 
Introduction
Fluidized beds are used in a wide variety of industrial fields, and even now their range of application continues to expand, so that there is a never-ending accumulation of design data for fluidized bed devices. However, air and particle motions in fluidized beds include three-dimensional unstable flows, making them extremely complex, and there are many important phenomena that are not yet understood theoretically (Muchi et a!., 1983) .
To begin with, there have been numerical simulations using a binary-fluid model to simulate air flows and particle motions in fluidized beds (Bouillard et a!., 1989). The binary-fluid model involves calculations that see fluids and particles as discrete continuous fluids affecting each other, and it requires a variety of models and experimental constants in order to close the equation system. As a particle mass is regarded as a continuum from the very beginning, few analyses have succeeded in expressing characteristics that are based on the discrete nature of particles. In recent years *Sensuicho 1-1. Tobata, Kitakyushu 804, JAPA:'\ TEL/F AX:093-884-317 4/093-871-8591 E-mail:yuu@ mech.kyutech.ac.jp 'This report was originally printed in Kagaku Kougaku Ronbunshu, 22, 67 (1996) in Japanese, before being translated into English by KO!'-; A Editiorial committee with the permission of the editiorial committee of the Soc. Chemical English, Japan. 190 researchers have started performing fluidized bed analyses with the discrete element method (DEM), which treats particles as soft spheres (Kawaguchi et a!., 1993) _ Calculating particle fluid phenomena with DEM necessitates assumptions including physical characteristic values, and a limitation is that it can perform three-dimensional calculations for 10, 000 particles at most. Nevertheless, qualitatively DEM explains grain movement well, and in a sense one might say it also comes close quantitatively. But it is difficult for computers of present capacity and performance to carry out numerical simulations of fluidized beds of actually used size.
For these reasons our research involved numerical simulations of a three-dimensional fluidized bed using the hard sphere model, which can calculate more particles than DEM, specifically about 3.3 x 10 5 . For the air flow field we simultaneously solved in an Eulerian manner the N avier-Stokes equations and continuous equations, and determined particle trajectories with Lagrangian motion equations, performing calculations while taking into account the interactions of both. To assess the soundness of the calculations, their results were compared with experimental results obtained under identical conditions. A Laser Doppler Velocimeter (LDA) was used to measure air velocity in a fluidized bed, and particle velocity was found by recording with a video camera.
The objective of this research was to show to what extent the hard sphere model can be used to simulate fluidized beds of near actual size; specifically, if it is possible to express with calculations the large-scale unstable flows in fluidized beds, and the extent to which it is possible to express things such as ordinary experimental results for average velocity distributions of air jets and particles. Also, at this stage these calculations lack a measure of exactness, one reason being that, when finding localized averages. they ignore stress caused by microvariation in air flows, but the main purpose was to establish a starting point for numerically simulating actual fluidized beds.
Calculation Method
Because particles exist throughout a large region, for basic air flow equations our calculations did not use the N a vier-Stokes equations and continuous equations, which take only ordinary flows into account; in addition to these equations, we considered within a single calculation cell the ratio occupied by air flow, i.e., the void ratio, and used equations averaged locally within one calculation lattice. This approach is exactly the same as large eddy simulation.
The following equations find the spatial average value v, which averages the spaces in which air flows and particles are found (Anderson and Jackson, 1967).
Where:
v is the local spatial average determined by averaging only the space with air flow, c is void ratio, and g is a function that is 0 in a space occupied by particles, and 1 in a space occupied by air flow. The N avier-Stokes equations and continuous equations are locally averaged, i.e., the spaces where air and particles exist are averaged, Equations (l) and (2) are substituted, and made nondimensional by means of nozzle diameter, jet velocity at nozzle exit, atmospheric pressure, air density, and kinematic viscosity of air, which yields Equations (3) and (4) . The r in Equation (3) is the viscous stress tensor in a space with an air flow, and is found with Newton's law of viscosity. (3) k+V·w=O at (4) Substituting Equation (4) for Equation (3) yields Equation (5).
v, P, and r are the nondimensional localized averages obtained by averaging only the space with air. v' v' in the third term on the left side of Equation (5) is the average of the product of localized variable values, and the stress term arising from variable values, but we ignored it at this stage because it is thought to be so small as to influence little the movement of the large particles with approximately 1.5 mm diameters used in this research.
When using Schiller and Naumann's experimental equation for the resistance coefficient, which is applicable when the particle criterion of Reynold's number, Rep, is below about 1000 (Schiller and Naumann, 1933) , the term Sp in Equation (5) appears as in Equation (6) (Squires and Eaton, 1990 ).
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) n(v-Vp) ¢(c) (6) Where: Dp and n are nondimensional particle diameter and the number of particles in a lattice, and Rep is the particle criterion Reynold's number, which is shown by this equation.
Because the velocity at the present time IS unknown, the velocity used when calculating Rep uses the value for one calculation time step previous as an approximated value because, as noted below, the calculation time step amplitude in these calculations is very small (Llt=0.01, 3.27 X 10-6 s actual time equivalent). ¢(c) is the correction function for determining the resistance undergone by one particle in a mass as experimentally determined by Steinour (Steinour, 1944) , and it is found py Equation (8) .
¢(c) =1o-Ls2o-cJ (8) Difference calculus is used to calculate the air flow field, with the basic equations being the Navier-Stokes Equation (5) , and the continuous equation (4) .
In actual numerical calculations we used the divergence in the Navier-Stokes Equation (5), and used the relaxation method to solve Poisson's equation (Equation (9) (9) When calculating the inertia term with Equation (9) as it is, kinetic energy is conserved only to the value dependent on the size of the numerical error allowed by the continuous equation, and the error accumulates in the solution. The present calculations therefore use the method of Piacsek and Williams (Piacsek and Williams, 1970) , which applies a tertiary upwind difference method after converting the inertia term to an energy conservation type (Equation (10)) (Yuu et a!., 1992).
The other terms use a secondary central difference method. Particle trajectories were calculated with an equation for particle Lagrangian motion, and a motion equation for particle rotation. The nondimensional equations of motion are as follows. Where ¢ is the inertial parameter made nondimensional by the representative length of the stop distance when a particle is subject to Stokes resistance in an air flow, and G is nondimensional sedimentation velocity in which Stokes sedimentation velocity was made nondimensional by representative velocity. When air velocity is constant in meshes, Equations (11) and (12) can be solved analytically in each mesh, and particle velocity and location are determined ; particle trajectories are found by combining these.
As an example, the following equations show particle velocity Up in the x direction and particle angular velocity Wpx around the x axis in Equations (11) and (12), as solved by the following equations. 
Where C ~ 32 .1 + 6 . 4 5 Repwo.s In the above equations ul,~m~t, for instance, is velocity in the x direction of air flow at the m calculation time step, and is an unknown sought via the SP term in the Navier-Stokes equations, so the present calculations use the already found ult~lm-lJM in place of ul,~m4t, i.e., they substitute the pre-Llt value. And in Equation (13), for example, where uplt~mM appears on both the left and right sides, the solution is found by convergence using successive calculations. If the u I, ~m4t obtained is substituted for the Sp term and the Navier-Stokes equations solved, they yield the air flow velocity, which includes particle effects. But if at that time there are inter-particle collisions and particle-wall collisions, particle velocity will change instantane· ously (time zero), yielding the value found by a particle collision equation, which is then substituted for the SP term.
For particle collisions, particles are considered to be hard spheres. In accordance with particle location after Llt time, which is determined by the particle motion equation, we assumed that collisions occur only between two particles with the largest contact capacity, and that those collisions (which require no time because particles are hard spheres) change the particles' velocity and angular velocity, which are then sought. The computations involve transforming the XYZ coordinate system into a relative coordinate system (a spherical coordinate system with a certain particle at the origin), and solving for various values. The motion equations for particle collisions differ depending on whether the particle surface state is completely or incompletely rough. It is not known from the beginning if slippage will occur or not, so at first equations are solved assuming no slippage and shock strength is calculated. If F-;;;;,f1pR, that is the solution, and if F > f1pR, the problems should be re-solved using equations for slippage. The same procedure is used for particle-wall situations. The Appendix shows representative equations. The void ratio c is found with the following equation using the volume of the calculation cell Vo and the particle volume portion of that volume, which is Vp. c=(Vo-Vp)IVo (15) Vp should be calculated separately for situations in which particles are completely inside the lattice, and in which some particles are outside.
As shown in Fig. 1 , we performed calculations for a situation in which an air flow was expelled at a nondimensional initial velocity of 1.0 (dimensional initial velocity Uo=21.4 mls) from nozzles in 10 locations. The initial particle state comprised two particles in each direction in a computational cell, for a total of eight in a lattice, and an ordered arrangement with a total of 80 X 64 X 64 = 3.28 X 10 5 particles for the whole. But in actuality there are any number of conceivable initial particle arrangements, so there is concern that a flow field calculated assuming an ordered initial particle arrangement does not express an actual fluidized bed field that has a variety of different initial particle arrangements. For that reason, in order to investigate the effect of differing initial particle arrangements on a fluidized bed flow field, the authors carried out two experiments with widely differing initial particle arrangements, one that was sparse, and the other dense. Experimental conditions except for initial particle arrangement were all identical, and the procedure was to expel air jets from the nozzles into static flow fields, and to record by video and compare the variation per 11 60th s (0.01667 s) in the flow field from the moment the jet began. Results showed that when there is no particle size distribution as in this research, even when there are large differences in the initial particle arrangement the entire flow field becomes fluid, that the time needed until the influence of initial particle arrangement disappears from the entire flow field is considerably shorter than 1130 s (0. 03333 s) (about 0.03 s is thought to be quite sufficient), and that the flow field subsequently assumes nearly the same fluid state. Owing to these results, for these calculations we decided on the abovedescribed ordered initial particle arrangement because it is the easiest, then used visualized results and flow characteristic values to compare experimental results with the calculated results obtained after elapse of the actual time equivalent of 0.03 s (100 nondimensional time units), which is the time needed for the difference owing to initial particle arrangement to more or less disappear from the entire flow field.
This research calculated the fluidized bed's flow field from the moment the jet from the nozzle started until 320 nondimensional time units elapsed (equivalent to about 0.1 s actual time). Thus, when in these calculations we sought the average velocity distributions of air jets and particles, and turbulence intensity distribution, we computed them by averaging the instantaneous data for each Llt during t = 100 to 320 (actual time equivalent, approx. 0.07 s) (however, for the three data items X I D = 12, 16, and 20 in Fig. 8 , which are regions far from nozzle exits, we averaged data over the interval of t = 160 to 320 (actual time equivalent, approx. 0.05 s)). As this shows, the averaged time for flow characteristic values in our calculations is short, at about 0.07 s actual time equivalent, but the statistical error this causes is small, as explained below. The range X I D ~ 4, within which this research sought the air flow velocity distribution, has the fewest incidents of velocity variation. Thus the number of turbulent eddies n passing during the averaged time of X I D = 4, about 0.07 s, which is thought to contain the largest error for averaged values, is n = 195 to 896 when calculated using values measured by Gibson (Gibson, 1963) and Laurence (Laurence, 1956 ) on an integral scale in a nozzle jet (an integral scale in a jet does not change very much even in the presence of particles, and as shown in Fig. 7 below, in a fluidized bed the axial velocity attenuation of a jet begins near the nozzle exit, and at X I D = 4 it is thought to already have formed the same flow as the developed region in a free jet ; here, therefore, we performed calculations by applying the results of Gibson (Gibson, 1963) and Laurance (Laurence, 1956 ) on developed regions in free jets). The estimated error when averaging those events with the median limit theorem is 896-112 to 195-112 =0.033 to 0. 072, which comes to 3.3% to 7.2%. Meanwhile, particles in flow fields are moving under the influence of air flows, so when there are many air flow velocity variation events during the approximately 0.07 s averaged time, it is possible that there are also many particle velocity variation events. With particles, however, unlike an air flow in which one can continuously measure all the velocity variation events passing through a measuring point, one can measure only the discrete velocity of particles passing through the point, which means that even when there are many air flow velocity variation events during the averaged time of about 0.07 s, the number of particles passing through the measuring point will determine the statistical error in the computation results. In these calculations the number of particles for which we were able to average the velocity during the approximately 0.07 s equivalent actual time was at least 200 directly over the nozzle where particle velocity was fast, and at least 100 even in places near the wall where particle velocity was slow. Thus, the estimated error when averaging those events according to the median limit theorem is 2oo-uz to 100-112 =0.071 to 0.10, or 7.1% to 10%. If a still longer time is taken for numerical calculations it is possible to further reduce statistical error, but even when the actual computation time is about 0.1 s as in our research, there is little statistical error in the time-averaged values for air and particle velocities. Table 1 shows the calculation conditions. Computations were performed on a FACOM VP-2600. Fig. 2 shows the experimental apparatus. As its particles, this experiment used plastic spheres 1.56 mm in diameter. For their initial state, particles were filled to a height of 125 mm in a transparent aery lie container measuring 900 mm X 100 mm X 100 mm, and a net was placed in the container to keep the particles from falling. Air brought in from a centrifugal blower is taken into the container. To alleviate turbulence in the container a honeycomb 100 mm thick and with 9 mm cells was installed. This rectified air was streamed into the container through 10 square-shaped nozzles at 21.4 m/s, and the jet velocity could be adjusted with a control valve. A Laser Doppler Velocimeter (LDA) was used to measure air velocity in the fluidized bed. The seed particles used when measuring air flow velocity with the LDA were ammonium chloride fume (average diameter 0.8 ,urn) made by causing hydrochloric acid and aqueous ammonia to react in the gaseous phase by producing an air flow with a compressor. The LDA used a backscattering differential mode. A photomultiplier received the backscattered light when seed particles passed through the measured volume where two laser beams intersected. The Doppler signal produced by the backscattered light passed through a frequency shifter, and a frequency tracker converted this into an analog signal corresponding to seed particle speed. In regions where there were enough seed particles passing through the observed volume per unit time, average seed particle speed was measured by directly running an analog signal to the signal indicator, and performing measurements while checking wave form with an oscilloscope. Owing to LDA structure, however, measurements are impossible in the region Photo multiplier where the laser beams' intersection is blocked by particles, and regions with an insufficiency of seed particles. Therefore the only data used were those obtained directly above nozzle openings.
Experimental Apparatus and Method
Measurements of particle velocity and their turbulence intensity involved recording particle fluid motion with a video camera, and determining the values for particle locations from their amount of movement each l/60th s (0.01667 s). Nevertheless, even then it was possible to measure only particle movement that was visible near walls. Table 1 shows the experiment conditions. Conditions were the same as those for calculations.
Comparison of Calculation Results and Experimental Values
Figs. 3a, 4a, and 5a show the results of instantaneous particle location calculations, which cover the time frame of 0.047 s to 0.060 s actual time equivalent, beginning with the initial state. The particles shown by calculations are only the particles in the width of one calculation cell in the depth direction (Z direction). Because, Z/D=16 is the wall position, Z I D = 15 to 15.5 is the particle location near the wall toward the inside to the distance of one calculation cell width from the wall. In Fig. 3 (t = 144, actual time equivalent 0.047 s) the air from the nozzle has already reached the top of the particle bed, and has formed bubble-like flows with low particle density in various places. In Fig. 4 that they actually exist. Comparing these calculated and experimental results in detail reveals differences in the shape and other characteristics of bubbles appearing near nozzle exits, but these are due to the fact that there are no two flow fields with exactly the same flow pattern from one instant to the next, and the authors have confirmed from video shots that experimental results obtained at another instant reveal nozzle-exit bubbles that are nearly the same in form to calculated results. We next compared quantitative calculation and experimental results as detailed below. Fig. 7 shows the mean time values of air velocities along the center line of a nozzle, i.e., along the center line of the jet issuing from a nozzle, near the fluidized bed wall (Z I D = 15). As particles with diameters of 1.56 mm blocked the observation region, the LDA was only able to measure along the nozzle center line nearest the acrylic transparent wall. In this situation as well, velocity was determined by using a calculator to subtract the value for the time when a 1.56 mm particle passes through the measurement region from the value obtained by digitizing LDA output. Calculation results are average values for a time of about 0.07 s actual time equivalent. This is not long enough for averaged time, so averaged values include some error. Still, because X I D is up to 4 along the jet axis, and because the region is near the nozzle exit, the change in velocity is not great, and the error is probably not that large. As  Fig. 7 illustrates, the calculated results closely match the experimental results. At X I D = 4 the calculated values are considerably lower than experimental values, but one cannot be sure of the reason with only these data. Especially near the wall, the particles are stationary in the experiment, while calculations show them to be moving with considerable velocity. As we are dealing with phenomena occurring over the short time of about 0.07 s, it would seem the results are affected by the disparity between calculations and experimental phenomena, but because there are large discrepancies between the two at whatever section, we think this reflects a shortcoming of the hard sphere model, which considers only twoparticle collisions. Even when particle density is high and each particle has contact with many others, the hard sphere model calculates only twopoint contact, which results in a high particle speed assessment in regions with high particle density. Fig. 10 shows horizontal distributions of the intensities of variation in particle velocity in the axial (vertical) direction. As these are averages for the short time of at most 0.07 s, both calculated and experimental values serve as little more than reference data, but as calculated values are higher at almost all sections, results are perhaps affected by the aforementioned hard sphere model shortcomings, and by ignoring the stress term generated by micro-variations. It will be necessary to investigate in more detail these variation intensities and other variation characteristics. 
Conclusion
We used the hard sphere model for particle collisions, and simultaneously solved the N avier-Stokes equations for locally averaged air flow in a single calculation cell (in this case, however, we ignored the stress term generated by micro-variation in a single calculation cell) and Lagrangian particle movement equations. By this means we sought the motions of air streams and particles in a threedimensional fluidized bed with 10 nozzles installed on the bottom and expelling air jets. We then conducted experiments under conditions identical to those of the calculations to test the soundness of calculation results. Experiments showed that the calculations expressed well the large-scale, unstable flows that actually appear, and that this method can more or less predict them. We also found that calculation results can express average particle velocity distributions and other ordinary experimental results, except for places where particle density is so great as to make multi-particle contacts predominant. At this stage calculations lack a certain degree of precision for reasons that include the ignoring of micro-variations in a single calculation cell, but we believe that this research has succeeded in establishing a starting point for numerical simulations of actual fluidized beds. Most in need of improvement is perhaps this method's calculation of phenomena lasting only about 0.1 s, which must be lengthened to several seconds. It is also necessary to increase somewhat the number of particles by improving the algorithm, and to make it possible to directly apply the Monte Carlo method (DSMC method). This would probably make it possible to numerically analyze fluidized beds of fine particles.
Appendix
To solve for collisions, convert an XYZ absolute coordinate system into a spherical coordinate system whose origin is the center of a certain spherical particle, then ultimately restore this to an XYZ absolute coordinate system and perform calculations. The collision equations for colliding particles i and j are as follows. [m] nondimensional particle diameter ( = Dp/ Llx) [-] particle-particle restitution coefficient
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